In this report a method that enables the selection ofstable plasmid variants and the isolation ofDNA sequences that improve plasmid maintenance is described. The method is based on the principle that in populations of cells carrying derivatives of a plasmid that differ only in the level of segregational stability, when grown in a chemostat under conditions with selective pressure on the plasmid, cells that carry more stabie plasmid variants will be enriched. We developed the system for Lactococcus /actis using segregationally unstable derivatives of the gram-positive theta plasmid pAM(:1 I as selection vectors. The results showed that the method is suitable for the enrichment, and subsequent purification, of three classes of plasmids with improved maintenance properties. The first class involved mutations in the pAM(:1I-derived selection plasmid. These mutations resulted in increased copy numbers, thereby rendering the plasmid segregationally more stabie. The other two classes were based on the insertion of additional, stability promoting, sequences in the selection plasmids. We showed that these sequences can constitute either replication functions derived from another plasmid or functions directly involved in plasmid maintenance. The site-specific resolution function ofpAM(:11 was used as an example ofthe latter functions. We anticipate that the method described should have general applicability for the development of stabie host-vector systems in bacteria.
It has frequently been observed that plasmids in gram-positive bacteria become segregationally unstable when they are used for cloning.purposes (Gruss and Ehrlich, 1989; Bron et al., 1990 Bron et al., , 1991 . This instability can have at least two different causes. The first is caused by the insert itself and largely depends on the mode ofreplication ofthe cloning vector (Kiewiet et al., 1993a) , The second is caused when cloning of the DNA fragment takes place at a site that is involved in plasmid maintenance. Plasmid stability depends on faithful replication as weIl as equal distribution to the daughter cells. Therefore, interruption or deletion ofDNA sequences that are involved in any of these systems will affect their stable inheritance. Theta-replicating plasmids, which are usually large and are found in both grampositive and gram-negative bacteria, are present in the cell at copy numbers that are often too low to ensure their stable inheritance in the absence of selective pressure when their segregation would occurrandomly .Nevertheless, most of these naturally occurring plasmids are stably maintained. This indicates that they contain information that ensures their stable inheritance. A number of these mechanisms have been well studied by now, mainly in gram-negative bacteria (for a review see Nordstrom and Austin, 1989 mid-free progeny than cells with unstable variants ofthat plasmid. This predicts that, in a mixed culture of cells that carry variants of a plasmid which differ in the level ofstability, an apparent growth advantage of those cells which harbor the most stable plasmids when selective pressure is applied to the plasmid would occur. It must be noted that this SYStem would not be suited to the enrichment of so-called host-kil1ing functions like the HokSok system of plasmid R1 (Gerdes et al., 1985) . These functions prevent the accumulation of plasmid-free cel1s and wi11 therefore not result in a selective growth advantage in the presence of selective pressure. To test the validity of our assumption, a chemostat was inoculated with a mixture of cel1s containing a segregational1y unstable plasmid and a stable derivative carrying the same selective marker. The unstable plasmid in this experiment was the pAMfJ 1-derived plasmid pIL252 (Sirnon and Chopin, 1988) , carrying the MLS marker which specifies erythromycin resistance. A stable variant ofthis plasmid was constructed by isolating the EcoRI fragment of pHV 1431, carrying the pAMfJ 1 sitespecific resolvase gene (Swinfield et al., 1991 ) , and inserting this fragment in the EcoRI site of pIL252. The resulting plasmid was denoted pSR 11. An overnight culture of cel1s harboring pSR11 (100 JLl) was added to 100 ml of an overnight culture of pIL252-containing cel1s so that the initial ratio of cel1s containing the stable plasmid to cel1s containing the unstable plasmid was about 1: 1000. This mixture was used to inoculate a chemostat. The dilution rate of the chemostatwassetatD = 0.5 h-l, resultingingeneration times of 1.4 h. Samples taken at regular intervals were plated at appropriate dilution rates on G M 1 7 agar plates containing erythromycin. The plasmid content was monitored by miniprep analysis of samples, taken from the chemostat. After 140 h of growth (about 100 generations), pIL252 could not be detected anymore in the samples. A fraction of the sample was plated on M17 agar plates in such a way that cel1s could grow to separate colonies. Twenty randomly picked colonies scribed so far are from pAM{3l and pAM{31-like plasmids. One is the site-specific resolvase ofpAM{3l (Swinfield et al., 1991) , which resolves plasmid multimers to their monomersand therebyincreases the numberofsegregational units. The other involves a partitioning function that has been identified for pSMl9035 (Ceglowski etal., 1993) . Ouraim was to develop a convenient and general method for the isolation of DNA sequences that specify plasmid maintenance functions. Since lactococcal strains <;:arry a large variety of plasmids with traits of commercial interest (McKay, 1983) , these bacteria were chosen as model organisms. Many of these lactococcal plasmids are ofthe theta-type (Kiewiet et al., 1993b; Seegers et al., 1994) and presumably carry efficient maintenance functions. The host strain used was Lactococcus lactis subsp. lactis MG l363, a plasmid-free derivative ofL. lactis NCDO 7l2 (Gasson, 1983) . Ce1ls were grown on M l7 medium (Terzaghi and Sandine, 1975) supplemented with 0.5% glucose (w/v) and, when necessary, with agar for plating of ce1ls. Erythromycin was added to a final concentration of 5 IJ-g/ml and 5-brom o-4-chl oro-3-indol y 1-{3-D-galactopyranoside (X-gal) to a final concentration of 20 IJ-g/ml when indicated. The continuous culture experiments were carried out in a fermenter as described by Harder et al. ( 1974 ) in a working volume of 500 ml. The temperature was kept at 30°C and the pH was contro1led at 7.0 by automatic adjustment with 2 M NaOH. Cloning procedures and the isolation ofDNA were essentia1ly as described by Sambrook et al. ( 1989) . Nucleotide sequence analysis was carried out by the dideoxynucleotide chain termination method of Sanger et al. ( 1977) . Transformation of L. lactis by electroporation was carried out as described (Holo and Nes, 1989) . Determination ofthe levels of segregational instability in the absence of selective pressure was carried out as described (Kiewiet et al., 1993a) .
Our approach to the enrichment of plasmids with improved maintenance properties was based on the fact that ce1ls with the most stable plasmids wi1l1ess frequently yield plas- were tested for their plasmid content. All contained pSR II. These results confirmed our prediction that the most stable plasmids can be enriched from a population of plasmids with different stabilities in a chemostat when the carrier cells are grown in selective media. Specifically, this experiment demonstrates the feasibility of selecting plasmids carrying maintenance functions from a plasmid population which is lacking such a function in the large majority of the cells. Based on the results described above, we anticipated that after shot-gun cloning of fragments from stabIe plasmids into unstable test plasmids, recombinants carrying inserts that improve the stabIe inheritance would be enriched in a chemostat after prolonged growth. To test this assumption, a Dral digest of pAMfJ I, through which the replication functions of this plasmid are destroyed but the previously mentioned resolvase gene remains intact, was cloned into the EcoRV site of pGJS230. This plasmid is a plL252 derivative in which the entire lacZ gene was cloned into the Smal site (Fig. I) pGJS230 with an insert by plating on X-galcontaining plates.
All white transformants (236 were obtained), which carried an insert in the lacZ gene, were pooled and grown in 100 ml M 17 medium with selective pressure on the plasmid. This culture was used to inoculate a chemostat and cells were grown at a dilution rate of D = 0.5 h-l. Samples were taken from the chemostat at regular intervals and tested for their overall plasmid contents and segregational stabilities. Growth was continued until the plasmid profile remained stabIe (approximately 70 generations). Restriction analysis of the remaining plasmid showed that the plasmid carried the expected 1.28-kb DraI fragment containing the resolvase gene in an orientation similar to that of the lacZ gene.
A further attempt to isolate thus-far unknown stability determinants was made. For this purpose, a partial Sau3A digest of the large lactococcal plasmid pIL7 (33 kb; Chopin et al., 1984) was shot-gun cloned into the Bcn site in the lacZ gene of pGJS230. The ligation mixture was used to transform L. lactis subsp. lactis MG 1363, and transformants were plated on erythromycin-and X-gal-containing plates. All white transformants (174), which carried an insert in the lacZ gene, were pooled and, similar to the previously described experiment with pAMfJ1, grown in 100 ml M17 medium with selective pressure on the plasmid. This culture was used to .inoculate a chemostat, and ce1ls were grown at a dilution rate of D = 0.5 h-l. Samples were taken from the chemostat at regular intervals and tested for their overall plasmid contents and segregational stabi1i-ties. In the inocu1um at least 10 plasmids with different inserts ranging from 250 bp to 5 kb could be identified, and the initial1evel of plasmid loss, defined as the probabi1ity of 1oss per division, was found to be 4% per generation.
The levelof instability was determined by serial transfer experiments of samples taken from the culture as described previously (Kiewiet et al., 1993a) . Growth was continued until the plasmid profile remained stabIe. At this stage, after 100 h (70 generations), only three plasmids could be identified, and the rate of plasmid loss had dropped to 0.2% per generation. Cells from the latter sample were spread on GM 17 plates containing Em, and resulting single colonies were tested for their plasmid content. Three different plasmids, containing inserts of 0.4, 3.2, and 3.9 kb, were identified, which were denoted pGJS230-9, pGJS230-5, and pGJS230-1, respectively. These plasmids were tested for segregational stability in the absence of selective pressure. All three showed an improved stability compared to the unstable selection plasmid pGJS230 (Fig. 2) . To distinguish between the possibilities that the improved stability was either plasmid-located or caused by host mutations, plasmid DNA of the three plasmid variants was isolated and reintroduced into L. lactis MG 1363 byelectroporation. Plasmid pGJS230 was taken as a control. The results showed that the determinants for the increased levels of stability were plasmid located. We next tested whether the improved stabilities were caused by the inserts. T o this aim the inserts were d~leted by restricting the plasmids with EaeI, fol1owed by self-ligation. The resulting plasmids were tested for the levelof segregational stability. In the case of pGJS230-9 the improved stability was found to be specified by the parental pGJS230 sequences in which a mutation had occurred. In the case of pGJS230-l and pGJS230-5, the improved stability was caused by the insert.
The nature of the mutation in pGJS230-9 was analyzed in detail. By swapping of fragments from this plasmid with the corresponding fragments of pGJS230 and by subsequent stability analysis, the mutation could be located within a 373-bp Nszl/Asp7l8 fragment (Fig. 1 ) . The nucleotide sequence of this fragment was determined. It appeared that this fragment contained a single point mutation, localized at the second position of the last codon ofORF F ofpAM{31 (position 2401 in the sequence described by Swinfield el al., 1990) . This ORF en codes a protein which negatively regulates the plasmid copy number. The mutation alters a T-A to a G-C basepair, resulting in a change of the last amino acid ofthe ORF F gene product from valine to glycine. In a totally unrelated experiment we isolated by chance a pIL252 variant from our frozen-stock culture which a1so showed improved stability properties. The improved stability of this variant, denoted pIL252*, appeared to be caused by a T to C transition at the same basepair as in pGJS230-9, resulting in a change of the last amino acid from valine to alanine. Both mutations resulted in an increased copy number (about threefold). We can conceive of two possible explanations for the effect of these point mutations on the stability of pIL252 and pGJS230. The first is that the substitution ofthe last amino acid ofthe ORF F gene product partially or completely inactivated the protein, thereby resulting in an increase in copy number. A second explanation is that it altered the potential secondary structure of the region in which it is contained. The mutations are located just below the junction of the possible stern and loop in this structure and would increase the size of the loop. This inverted repeat (IR)3 region encompasses the -35 region ofthe promoter ofORF E, which encodes a protein required for replication (Swinfield et al., 1990) (Fig. 3) . In plasmid pIP50 I, which has a nucleotide sequence identical to that of pIL252 in this region, the corresponding IR is involved in copy number control (Brantl and Behnke, 1992) , and alterations in this structure also lead to an increase in copy number. Experiments in which the binding capacity of overproduced wild-type F protein (the protein produced by ORF F) to this particular region was tested demonstrated that the binding capacity of F to this region was four-to fivefold less if the fragment carried the mutation (E. Le Chatellier, personal communication). These findings support the latter explanation.
In the case of pGJS230-1 andpGJS230-5, the improved segregational stability was attributable to the presence of the insert. Restriction analysis and Southem hybridization indicated that these fragments contained overlapping sequences, both consisting of pIL252 pIL252*/PGJS230-9 two Sau3A fragments. The largest Sau3A fragment (2.5 kb) was present in both plasmids. We conceive of two possible explanations for the improved stability of pGJS230-1 and pGJS230-5. The first is that the fragment contains a cplasmid maintenance function, such as a site-specific multimer resolution function or a partitioning system that guarantees the segregation of at least one plasmid copy to daughter cells. The second possibility is that the insert contained the replication region of pIL 7, implying that the pIL 7 replication region is ttlore effective than that of pIL252, which is a nonlactococcal plasmid. To test the latter possibility, the Sau3A fragments of pGJS230-5 were cloned into the BamHI site of pMTL23E, a pUC-derived Escherichia coli replicon, unable to replicate in Lactococcus (Kiewiet et al., 1993a) . The resulting plasmid, pJR 7, was used to transform MG 1363. Transformants carrying the expected recombinant plasmid were ob-tained, indicating that the insert carried a region of pIL 7 capable of autonomous replication in L. lactis. The nucleotide sequence of the replication region of pIL 7 was determined (details of the sequence analysis are described elsewhere; Seegers et al., 1994) . The sequence appeared to be similar to that of a number of recently described lactococcal plasmids, which replicate via a theta mechanism (Kiewiet et al., 1993b) .
There are severa1 explanations of why we did not isolate stability functions from p1L7. One is the possibility that such functions are not present on pIL 7 or that an intact stability function was not present on the cloned Sau3A fragments. It is also possible that additional stability functions were initially present in recombinant plasmids in the cell pOpUlation, but that these were lost during the culturing period in the chemostat. This could happen if the variants which were selected now were more fit than the ones with the presumed additional stability function.
In summary , the method described here has promising potential for improving plasmid maintenance. It enables (i) the selection of plasmid variants with increased maintenance properties and (ii) the selection of DNA fragments from homologous or heterologous replicons that improve the maintenance of the plasmid of interest.
